Mangrove forests are common in subtropical regions, and have received considerable attention as vegetative buffers against anthropogenic N-loading. In this study, we investigated anaerobic ammonium oxidation (anammox) as one of potentially important microbial N-removing pathways in mangrove and shrimp pond sediment in Haiphong, Vietnam. Measurements with 15 N-labeled compounds demonstrated the occurrence of anammox in sediment of mangrove forest and a water channel connecting shrimp ponds to the sea in both 2005 and 2007, and of a semi-intensive shrimp pond in 2005. The rate of potential anammox activity reached to 0.7 nmol-N2 cm −3 h −1 , although the contribution of anammox was less significant than denitrification. Anammox-type 16S rRNA gene fragments phylogenetically related to 'Scalindua' species were predominantly recovered from mangrove forest and water channel sediment in a PCRclone library analysis targeting anammox bacteria. 'Kuenenia'-like gene fragments were also recovered from shrimp pond sediment as the major component. We demonstrated the occurrence of potential anammox activity, and suggested the possibility that diverse species of uncultured anammox bacteria contribute to the nitrogen cycle in subtropical mangrove-aquaculture ecosystems. Furthermore, this study provides new insight into the biogeography of anammox bacteria: 'Scalindua' and 'Kuenenia'-like species coexisted in the blackish sediment as in some temperate estuarine sediment.
Coastal pollution has became obvious in subtropical to tropical regions partly because of a lack of modern treatment facilities. For example, shrimp farming in reclaimed ponds often causes the accumulation of nitrogen (N) contaminants (8) . It was estimated that dissolved inorganic N-loading through discharged water was 128 kg-N ha −1 year −1 for a semi-intensive shrimp pond in Vietnam (20) . Among various approaches to solving these problems, many researchers have focused on mangroves as vegetative buffers (13) . Mangrove forests are common in subtropical to tropical regions, and known to affect nitrogen dynamics in coasts (9) . Robertson and Phillips estimated that depending on management, the effluent produced by a 1 ha shrimp pond requires 2-22 ha of mangrove forest to filter the N-loading (20) . It is generally assumed that microbial activity is responsible for the major nutrient transformations within a mangrove ecosystem. The microbial N-removing pathway in mangrove sediment is interesting not only because it acts to mitigate N-loading but also because it means a loss of fixed nitrogen from such an ecosystem where N is frequently a limiting nutrient (9) .
Despite recent studies on microbial N-cycling in mangrove sediment (7, 16, 36) , our knowledge is still developing and there is a lack of information on anammox that was most recently reported. Anaerobic ammonium oxidation (anammox) is a microbiological metabolism that oxidizes ammonium (NH 4 + ) anaerobically coupled to nitrite (NO 2 − ) reduction (30) and has been recently recognized as an important pathway removing nitrogen from marine environments (6) . Therefore, anammox bacteria are worth investigating as one of the players involved in nitrogen removal from coastal mangrove-aquaculture ecosystems. A monophyletic group of bacteria deeply branched in the phylum Planctomycetes (order Brocadiales) are now known to mediate the anammox reaction (11, 31) . Based on enrichment culture studies, five candidate genera in the order Brocadiales ('Candidatus Anammoxoglobus', 'Brocadia', 'Jettenia', 'Kuenenia', and 'Scalindua') have been proposed as anammox bacteria (11) , although no isolate has been established so far. The monophyleticity of the known anammox bacteria enables us to elucidate the bacteria involved in the anammox pathway in nature, through molecular techniques targeting 16S rRNA and its gene (25, 26) . It has been hypothesized that 'Scalindua'-like species primarily comprise anammox bacterial populations in aquatic environments, even in water and sediment samples (11, 18, 19, 26) . Recently, 'Brocadia'-and 'Kuenenia'-like species were also detected in sediment samples of mesohaline (2), oligohaline (5) and freshwater areas (35) of several river systems. As to mangroves, Meyer and colleagues reported for the first time the presence of anaerobic ammonium oxidation (anammox) activity in mangrove sediment at north-eastern Australia (17) . Wickramasinghe and colleagues also detected 16S rRNA gene fragments phylogenetically related to 'Scalindua'-like species in mangrove sediment in Thailand (33) . Despite this recent progress, the distribution and species composition of anammox bacteria in other mangrove areas remain unclear.
In this study, a comprehensive investigation including both anammox activity measurements and a population structure analysis was carried out in order to examine the occurrence of anammox in subtropical mangrove sediment from Haiphong, northern Vietnam. Moreover, sediment of shrimp ponds adjacent to the mangroves was also examined because it is important to know whether anammox contributes to nitrogen removal at pollution sources. A report by Tal and colleagues that demonstrated biochemical and molecular evidences for anammox bacteria in fixed-film biofilters of a marine recirculating aquaculture system further raised this possibility (27) . We measured potential anammox and denitrification activity by a batch incubation experiment with 15 N-labeled nitrogen compounds, and analyzed the species composition of anammox bacteria by a PCR-clone library analysis targeting 16S rRNA genes.
Materials and Methods

Sampling
As shown in Fig. 1 , sediment samples were collected from tidal flats of mangroves (sites MF1, MF2, MF3 and MF4), shrimp ponds (sites SP1 and SP2), and an adjacent water channel connecting the shrimp ponds to the sea (site CH) in December 2005 and March 2007, with a plastic core sampler at low tide for mangrove sediment, and with a grab sampler at the other sites. Sites MF1 and MF2 were 1 km and 0.5 km seaward from MF3 that was located near land. Site MF4 was away from sites MF1-MF3, and located at the mouth of the Lach Tray River. The shrimp pond SP1 (0.3 m water depth) had been operated without external feeding but with water pumped from a channel (a semi-intensive mode of operation), whereas SP2 (1.3 m water depth) had an intensive mode of operation with formulated feeds, mechanical aeration, and supplement of pH-adjusted channel water. The channel had been used for water supply into and drainage of discharged water from the shrimp ponds. Temperature − and NO3 − were 7.7 µM, 1.5 µM and 13 µM at a nearby coastal site. The surface layer (0-2 cm) and subsurface layer (10-12 cm, for samples 05SP1 and 05SP2) of sediment samples were placed into plastic bags, and sent to Japan by courier.
Measurement of anammox and denitrification activity by a batch incubation experiment with 15 N-labeled nitrogen compounds
Potential anammox and denitrification rates were estimated by quantifying three kinds of N2 isotopologues ( 14 N 14 N, 14 N 15 N, 15 N 15 N) produced in a strictly anaerobic incubation of sediment suspension with 15 N-labeled or unlabeled ammonium chloride (NH4Cl) and sodium nitrite (NaNO2) as reactive substrates for N2 production. In the anammox reaction, one-to-one coupling of a nitrogen atom derived from NH4 + and NO2
− produces dinitrogen (N2) (30), whereas denitrification forms N2 from two molecules of NO2 − or NO3
− through a stepwise reduction (37) . The principle and procedure for measuring N2 production via anammox was essentially based on a 15 N-tracer incubation method reported by Thamdrup and Dalsgaard (28) . In this study, we used a simpler method developed previously (2) in order to examine the presence of anammox bacterial populations and not to precisely determine the in situ N2 production rates via anammox. The sediment suspension was incubated with 400 µM NH4Cl and 1 mM NO2 − in the following combinations:
NH4Cl without nitrite (negative control). Nitrite was added to sediment suspensions at 1 mM to retain nitrite during the anaerobic incubation because generally the denitrifiers abundantly present in the samples consume nitrite rapidly. Similarly, 400 µM ammonium was added to the sediment suspension, because the NH4 + that was originally in the sediment lowers the 15 N-labeling ratio (the ratio of 15 NH4 + in the total NH4 + in the vial), leading to an underestimation of the anammox rate. As a result, the 15 N-labeling ratio was around 90-100% at the beginning of incubation and at least half of the added nitrite remained at the end of incubation (data not shown). If oxygen contaminated incubation vials, 15 N-labeled N2 gas would be produced by aerobic nitrification and subsequent denitrification in the negative control vial. In a parallel anaerobic incubation with either
shows the presence of NO2 − -dependent anaerobic ammonium oxidation (anammox). Details of the procedure were described previously (2) . Briefly, a sediment suspension (10% w/v) was dispensed into glass vials after the salinity was adjusted, and the vials were tightly capped with butyl rubber stoppers and purged with He gas. The 15 N-labeled or unlabeled NH4 + and NO2 − was added into the vials with gas-tight syringes. Anaerobic incubations were performed in duplicate for each treatment at 25°C in the dark, and the N2 isotopologues were quantified with a quadrupole GC-MS system (6890N-5973 inert, Agilent Technologies, Santa Clara, USA) every 12 h until 36 h. The 15 N-labeling ratio of the NH4 + pool in the sediment suspension was calculated as described previously (2) , and the 15 N- labeling of the NO2 − pool in the vials was assumed to be the same as the purity of reagents.
PCR-clone library analysis targeting 16S rRNA genes of anammox bacteria
A PCR-clone library analysis targeting 16S rRNA genes of anammox bacteria was performed with environmental DNA extracted from sediment samples in 2007, in the same manner as described previously (2) except that PCR primers were little modified. Previously used anammox-specific primers did not cover all anammox species reported whereas more broad primers generally showed low specificity (2, 18) . The PCR primer used in this study was AMXU368F (5'-TTCGCAATGCCCGMAAGG-3') and AMXU820R (5'-CCCTCTACYKAGTGCCC-3'), and the expected size of the PCR products is c.a. 470 bp. These primers were designed by modifying previously reported primers AMX368F (24) and AMX820R (23)/BS820R (15) into degenerate ones to target all eight known anammox species. The primers were designed with reference to the 16S rRNA gene sequences of eight candidates of anammox bacteria: 'Brocadia anammoxidans' (AF375994), 'B. fulgida' (DQ459989), 'Kuenenia stuttgartiensis' (AF375995), 'Scalindua wagneri' (AY254882), 'S. brodae' (AY254883), 'S. sorokinii' (AY257181), 'Anammoxoglobus propionicus' (DQ 317601), and 'Jettenia asiatica' (DQ301513). Both of the primers exhibited full coverage for these anammox bacterial candidates in silico. More than 40 clones from each library were sequenced with an ABI 3730xl (Applied Biosystems, Foster City, USA) using a sequencing service provided by Dragon Genomics Center (Takara Bio, Otsu, Japan). Sequences were aligned with the corresponding region of known anammox bacterial candidates and phylogenetically analyzed with the neighbor-joining method (21) using CLUSTALW (3). Kimura's two-parameter correction was used and all other settings were at the default. The DOTUR program (22) was used to assign the sequences into operational taxonomic units (OTUs) following the calculation of phylogenetic distance by the DNADIST program in the Phylip package. NCBI-BLAST 2.2.12 (1) and the Ribosomal Database Project (4) were used to determine phylogenetic affiliations.
Nucleotide sequence accession numbers
Sequences of 16S rRNA gene clones described in this study are available in the DDBJ/EMBL/GenBank databases under the accession numbers AB518004-AB518042.
Results and Discussion
First, we measured potential anammox and denitrification activities in the surface layer (0-2 cm) of mangrove sediment collected in 2005 (sample ID: 05MF1-05MF3 (Table 1) . Determined anammox rates in 05SP1 and 05MF4 were 0.36 and 0.70 nmol-N 2 cm −3 h −1 , respectively, and there was no distinct difference in anammox rates between surface (0-2 cm) and subsurface (10-12 cm) layers of the 05SP1 sediment. However, no recognizable N 2 production via anammox was observed in 05SP2 sediment. On the other hand, potential denitrification rates ranged from 26 to 37 nmol-N2 cm −3 h −1 , and were from 50 to 100-fold greater than anammox rates in each sample.
We again sampled the surface layer of sediment samples in 2007 to determine anammox rates. As a result, potential anammox rates determined in an anaerobic incubation with 15 
NH4
+ +NO2 − were 0.57, 0.23, and 0.33 nmol-N2 cm −3 h −1 in two sediment samples from mangrove forest (07MF1 and 07MF2) and one from the channel (07CH), respectively, being significantly larger than those determined in the negative control with only 15 NH4 + ( Table 1 ). The sediment samples from semi-intensive and intensive shrimp ponds (07SP1 (14) and on Logan river mangrove sediment (0.5 to 8 nmol-N2 cm −3 h −1 ) (17). Although anammox corresponded to at most 2% of denitrification both in 2005 and 2007, it is likely that the contribution of anammox may be more significant in situ at mangrove and shrimp pond sediment. Trimmer and colleagues (29) estimated in situ anammox rates in Thames river estuarine sediment and reported that the contribution of anammox to N 2 production was greater in whole core incubations than in slurry incubations performed just like the present study. Therefore, employing improved techniques such as whole core incubation will be needed to precisely estimate anammox activity in situ.
Because potential anammox activity was observed both in 2005 and 2007, we tried to identify the bacteria responsible for the anammox pathway. A PCR-clone library analysis targeting 16S rRNA genes of known anammox bacteria was performed with environmental DNA extracted from sediment samples in 2007. PCR products were obtained from all the samples, and thereafter more than 30 clones from each library were sequenced. Determined sequences were phylogenetically analyzed, and more than 80% (31/38 and 33/ 37) of clones from 07MF1 and 07MF2, 65% (31/48) from 07CH and 50% (28/58) from 07SP1, and only 5% (2/40) of clones from 07SP2 formed a monophyletic clade with 16S rRNA genes of known anammox bacteria on a phylogenetic tree (data not shown). The other clones were related to environmental clones such as uncultured Firmicutes or Deltaproteobacteria in the GenBank database with low similarity, and were consequently excluded from the following analysis. Four clones with apparent gaps in the V3 region compared to the anammox bacteria were also removed. In each library, clones with greater than 97% sequence similarity were assigned into an operational taxonomic unit (OTU). Finally, a total of 39 representative 16S rRNA gene clones from each OTU were analyzed phylogenetically (Fig. 2) . There was no clone whose sequence was identical with 16S rRNA gene sequences of known anammox bacteria. Moreover, sequence identities between our clones and anammox bacteria were at most 98% (OTU 07SP2-37 and 'Candidatus Brocadia fulgida'). Given the monophyleticity of anammox bacteria based on 16S rRNA gene sequences (32), we considered a variety of uncultured anammox bacteria to be present in mangrove, channel and shrimp pond sediment, and responsible for the anammox reaction. The low recovery rate of the anammox-type 16S rRNA genes in shrimp pond sediments may reflect the minor abundance of anammox bacteria.
In this study, we classified anammox-type clones into six phylotypes (A/J, B, K-1, K-2, S-1 and S-2), and compared the phylotype compositions among sites where potential anammox activity had been detected (Fig. 3) . The phylotype S-2 that associates with 'Candidatus Scalindua sorokinii' and 'S. brodae' was dominant in the clone libraries from the mangrove forest (07MF1 and 07MF2) and channel (07CH). The phylotype S-1 was the second most dominant cluster in 07MF1 and 07MF2, and associated with 'Candidatus Scalindua wagneri' whose relatives were predominantly recovered from the estuarine sediment with anammox activity in Japan (2) . 'Scalindua'-like bacteria has been detected from freshwater to marine environments (11, 18) , especially in marine sediment and oxygen minimum zones (26, 34) . On the other hand, the clones classified into the 'Candidatus Kuenenia stuttgartiensis'-associated cluster (phylotype K-1) occupied almost 30% (9/31) of clones derived from 07CH, and were also recovered from both 07MF1 and 07MF2. A few 'Brocadia'-like species were also detected in the samples. The 'Brocadia' and 'Kuenenia' lineages are largely considered freshwater species (10), although they have been found in blackish sediment of temperate estuaries (2, 5) . Our results showed the coexistence of 'Kuenenia'-like bacteria along with 'Scalindua'-like bacteria in blackish sediment of the subtropical mangrove forest and channel. Kartal and colleagues reported the salinity tolerance of 'Candidatus K. stuttgartiensis' to be as high as 30 g L −1 when the salt concentration was increased gradually (12) . Therefore, 'Kuenenia'-like species probably can adapt to meso-polyhaline environments. Anammox-type 16S rRNA gene amplicons were also recovered from the sediment of semi-intensive and intensive shrimp ponds (07SP1 and 07SP2) in which no recognizable anammox activity was observed. Unlike the other sites, the phylotype K-1 was predominantly retrieved from 07SP1, although the most dominant OTU in 07SP1 (07SP1-107, 14/28 clones) was closely related to OTUs derived from 07MF1, 07MF2, and 07CH. Similarly, in the phylotype K-2, the second most dominant OTU in 07SP1 (07SP1-117, 7/28 clones) formed a clade with clones that were related to the marine circular reactor system clone 3-6b (AY769988) (27) . The differences in phylotype composition and activity of anammox bacteria may be related to some characteristics of aquaculture environments (e.g., high-carbon loading). Further studies are needed to elucidate these important issues.
In this study, we demonstrated the occurrence of potential anammox activity, and suggested that diverse species of uncultured anammox bacteria contribute to the nitrogen cycle in subtropical mangrove-aquaculture ecosystems, although their contribution as a N 2 -forming pathway was less significant than that of denitrification. Based on activity measurements and 16S rRNA gene analysis, shrimp pond sediment is likely a less suitable habitat for anammox bacteria than is mangrove sediment. Furthermore, this study provides new insight into the biogeography of anammox bacteria: 'Scalindua' and 'Kuenenia'-like species coexisted in the blackish sediment as in some temperate estuarine sediment. Exploring the eco-physiology of these uncultured clone groups as well as measuring in situ anammox rates is needed to understand the mitigation function of anammox against anthropogenic N-loading in subtropical mangroveaquaculture ecosystems. 
